Myeloid leukemia was induced by a new feline leukemia virus isolate FeLV-AB/GM-1 in a high proportion of cats. The latency period was short. Three to 5 weeks after infection early changes were detectable in the bone marrow, and cats developed leukemia 5 to 8 weeks after infection. The results of the present histological and cytological studies suggested that there were two stages in the development of leukemia. The first stage appeared to be equivalent to the syndrome of bone marrow dysplasia or preleukemia which, however, converted rapidly to leukemia. Cytopenia(s) were the main hematological findings in all preleukemic and leukemic cats. White blood cell counts were low or normal, but the number of leukemic and abnormal cells increased in the peripheral blood with the progression of the disease. This reliable model system lends itself to further studies to elucidate the pathogenesis of myeloproliferative disorders.
Feline leukemia virus (FeLV) infections are associated with a number of diseases ranging from immunological deficiencies to lymphoproliferative and myeloproliferative d i~o r d e r s .~,~,~~ Lymphoid tumors account for 90 percent of all feline hematopoietic ma-lignan~ies.~ While myeloproliferative disorders are less often diagnosed, the increasing use of tests for the determination of FeLV infection and the performance of bone marrow biopsies on FeLV-positive cytopenic cats are likely to lead to more frequent diagnosis. The myelodysplasic syndromes (MDS), which represent a preleukemic state, are included in this group of disorders. In preleukemia, a clonal abnormality of a hematopoietic stem cell is characterized by a variety of phenotype manifestations with varying degrees of ineffective hematopoiesis. The hematological picture is of peripheral blood cytopenias, a cellular bone marrow and functional abnormalities of erythroid, myeloid, and megakaryocytic cells. In this condition, at least two cell lines show abnormal features including immature, megaloblastic erythroid cells and/or dysplastic megakaryocytes and/or immature granulocytes often with monocytoid appearance.
Myeloproliferative disorders are found in cats more often than in dogs. At presentation, most cats are FeLVpositive and usually have severe cytopenia(s) with associated secondary complications such as bacterial infections and hemorrhagic problems. FeLV has been regarded as the causative agent of these conditions in ~a t s ,~J l J~ but until now a specific virus strain which consistently induced these diseases has not been isolated. Therefore, the pathogenesis of myeloproliferative disorders in the cat and in other species is not entirely clear due to the lack of a suitable model system.
In the present study, a new virus FeLV-AB/GM-1 was used which consistently produced myeloid leukemia in a high proportion of cats within a few weeks of infection. The remarkably short time required for the development of leukemia in FeLV-AB/GM-1 infected cats enabled us to make a detailed study of the pathogenesis of the disease. Hematological and histological findings in FeLV-AB/GM-1 virus infected kittens are discussed.
Materials and Methods
FeLV-AB/GM-1 was isolated from the spleen and bone marrow of a naturally occurring case of erythroleukemia, a disease which involves both the erythroid and myeloid lineages. Cell-free material from this case was inoculated into newborn, specific pathogen-free kittens. The natural resistance of older cats to FeLV infection made it necessary to use neonates." Blood samples were taken by venopuncture into heparinized tubes. Hemoglobin was estimated by the cyanmethemoglobin method. Red blood cell count, white blood cell count, and mean cell volume estimation were made in a Coulter Counter Model ZF. The packed cell volume was calculated from the red blood cell count and mean cell volume. Mean cell hemoglobin and mean cell hemoglobin concentration were calculated from the red blood cell count, packed cell volume and hemoglobin content. Platelet counts were done manually. Blood films were stained by the method of May-Griinwald-Giemsa.20
First passage experiment
Six newborn kittens were infected with FeLV-AB/GM-1. Long incubation period was expected, and the first blood samples were scheduled to be taken 2 months after infection. One kitten, however, suddenly died and another had to be put down 7 weeks after infection. The remaining four kittens and their age-matched controls had been sampled at 2-weekly intervals. One kitten was euthanized 11 weeks and another 13 weeks after infection. The last two kittens were followed up for several months and remained hematologically normal.
Second passage experiment
Pooled blood from the first passage experiment was used to infect eight newborn kittens. Blood samples were first taken at weekly and later 2-weekly intervals. One control and two infected kittens were euthanized each time 1.5, 4, and 8 weeks after infection. The remaining two cats were followed up for 7 months and remained hematologically normal.
Third passage experiment
Pooled blood from the second passage experiment was used to infect ten newborn kittens. Blood samples were taken at 2-weekly intervals. Infected and control cats were euthanized 1.5, 4, 5 , 8, and 20 weeks after infection.
Other experiments
From control and infected kittens the following tissues were taken into 10% buffered formalin for histological examination: bone marrow, spleen, liver, various lymph nodes, kidney, small and large intestines. Tissues were embedded in paraffin and stained with Mayer's hematoxylin and eosin. Additional bone marrow samples were decalcified with formic acid, and the method of Gordon and Sweet was used for the evaluation of reticulin content.'
Fresh bone marrow cells were suspended in 10% bovine serum albumin. After gentle centrifugation, films were made from the bufTy coat. Smears were air dried, fixed with formalin vapor, and stained with May-Griinwald-Giemsa stain,zo Special stains used were periodic acid-s~hiff,~ Sudan black B,9 and the dual technique for a-naphthyl butyrate and a-naphthyl AS-D chloracetate esterase~.~ For evaluation of bone marrow smears the French-American-British system of classification of acute myeloid leukemias (AML) was used,= according to which AML are separated into six main groups (M, to M6) categorized by the direction of differentiation along one or more cell lines and the degree of maturation. For all marrows in which the diagnosis of AML or myelodysplastic syndrome (MDS) was suspected, an erythroid : myeloid ratio was calculated. If the proportion of blasts was greater than 30% and the percentage of erythroids (E) was less than 50%, AML (M,-M,) was diagnosed. If E was less than 50% and blasts were equal to or less than 30%, then MDS was considered.
Results
In the first passage experiment, six newborn kittens were infected with virus and examined after the first sign of clinical illness. One kitten died with bone marrow aplasia. In three luttens acute myeloid leukemia was diagnosed. The last two remained hematologically normal (Table 1) .
Hematological data (Table 2) were compared with normal values ( Table 3 ) established earlier for kittens." Progressive normochromic, normocytic anemia with very low reticulocyte count, various degrees of leu- megaloblastic appearance and binucleation, appeared at the later stage of the disease. In cats 4, 6 , and 8, histological and cytological examination of the bone marrow revealed myeloid hyperplasia with a marked left shift and with significantly high (up to 46 percent) blast cell counts. The blasts were large with basophilic cytoplasm, oval to round nuclei, and prominent centrally located nucleoli. A large proportion of blasts were Sudan black and periodic acid-Schiff (PAS)-positive. Additionally, giant metamyelocytes and immature granulocytes with monocytoid appearance were seen. In cat 4, a small number of megakaryocytes and no red cell precursors were present, while in cats 6 and 8, immature binucleated erythroid cells and bizarre, multinucleated megakaryocytes showing large variation in the size of nuclei, were found. In the bone marrow of cat 2 only a few granulocytes were present.
A constant finding in all infected and control cats was the presence of extramedullary hematopoiesis (EMH). This, however, was markedly increased in infected cats and was seen not only in the spleen and liver but also in the retropharyngeal and submandibular lymph nodes. In control cats, extramedullary hematopoietic foci consisted mainly of megakaryocytes at all stages of maturation and nucleated red cell precursors. In infected cats, in addition to the aforesaid cells, large blast cells with centrally located, prominent solitary nucleoli, giant myeloid cells, cells in mitosis, and bizarre mitotic figures were seen in the red pulp of the spleen, in the medullary sinuses of the lymph nodes and, in cat 6 , in the hepatic sinusoids and also in the periportal areas.
Cats 4 and 8 developed ulcerative, necrotizing lesions in the large intestine centered mainly on the cecum. The affected animals became dehydrated (see Tables 2 and 4). We were not able to isolate consistently any pathogens and concluded that the occurrence of these lesions was associated with immunosuppression, a well-known effect of FeLV infection. 1 , 7~1 5~1 9
Further evidence of an immunosuppressed state was the presence of thymic atrophy and T cell depletion of the lymphoid organs in all infected cats.
Pooled blood from the first passage experiment was used to infect eight kittens in the second passage experiment which was designed for the more detailed study of the disease process. At intervals, infected kittens and their age-matched, uninfected controls were examined hematologically and histologically (Tables 4 and 5).
The first two cats were examined 10 days after infection ( Figs. 1,2 ). In the bone marrow of cat 14, slight immaturity of the cell lines and myeloid predominance were found. Many red cell precursors were binucleated, and some showed abnormal mitotic figures. Giant myeloid cells and bizarre megakaryocytes were also seen. Cells of the myelo-monocytic cell lines were di-minished in cat 13, and in the remaining granulocytic population, eosinophils predominated. No significant histological changes were found in other organs. Hematological values were within normal range.
Three weeks after infection, relative erythroid hyperplasia was found in both infected cats as a result of abnormal erythro-and myelopoiesis. Erythroid precursors did not seem to undergo the final maturation steps. On the other hand, the number of maturing granulocytes was reduced although blast cell counts were increased (2044%). Most remaining granulocytes were eosinophils. Abnormal cells, such as binucleated red cell precursors, giant metamyelocytes, and megakaryocytes were also seen. The main histological findings included a moderate degree of thymic atrophy and depletion of lymphoid organs. Extramedullary hematopoiesis was intense, and cells participating in it showed similar distribution and abnormalities to those of the bone marrow. In the peripheral blood, anemia and leukopenia with severe neutropenia were found. Cats 19 and 20 were examined 5 weeks after infection. In the marrow of both, myeloid hyperplasia was present. However, there were differences in the myeloid populations. In the marrow of cat 19, large areas comprised of blast cells were seen with other areas in which cells with some differentiation were present (Fig.  3) . In cat 20, the marrow had an overall low cellularity and acellular areas were alternating with cellular areas containing mainly blast cells and some erythroid and megakaryocytic cells (Fig. 4) . Both cats were anemic and leukopenic with neutropenia. In the peripheral blood, small numbers of immature neutrophils, Pelger-Huet cells, giant myeloid cells, cells in mitosis showing abnormal mitotic figures, nucleated and some binucleated red cells were seen. Microscopy revealed thymic atrophy, depletion of the lymphoid organs, and hypoxic fatty changes in the liver and kidney. Expansion of the splenic red pulp was also noted, caused by extramedullary hematopoietic activity alongside the splenic trabeculae and by the presence of numerous blast cells in the sinusoids. Additional extramedullary hematopoietic foci were found in the liver and in the lymph nodes. In the medullary sinuses of the retropharyngeal and submandibular nodes blast cells, giant myeloid cells, and cells in mitosis were seen. Dohlebodies were also present. Seven weeks after infection, marked myeloid hyperplasia with a high mitotic rate was found in both infected cats. Blast cell counts were significantly high and made up 36 to 40 percent of myeloid cells. Remaining populations were categorized by the doubleesterase staining method with the following results. In cat 22, more than half the cells were monocytes at all stages of maturation; the other cells were immature granulocytes ( Fig. 5) and giant cells. In cat 23, the majority of cells were immature granulocytes. Hematological findings included anemia and leukopenia. Cat 23 was dehydrated, therefore, red cell values did not reflect the true degree of anemia. Total white blood cell counts were low with abnormal differential counts. In cat 22, 30 percent of the white blood cells were monocytes at all stages of maturation (Fig. 6) , and 25 percent were myelocytes. In cat 23, 28 percent of the leukocytes were immature granulocytes including blast cells. Giant myeloid cells, Pelger-Huet cells, mitotic figures, and nucleated red cells were also noted in the peripheral blood of both cats.
Histologically, in both cats, thymic atrophy, depletion of the T cell-dependent areas of the lymphoid organs and intense extramedullary hematopoiesis were found (Fig. 7) . Numerous blast cells and immature myeloid cells, which were mainly monocytoid in the case of cat 22, as well as cells in mitosis and cells with bizarre morphology were seen in the red pulp of the spleen, in the medullary sinuses of the lymph nodes, in the sinusoids, and also in the periportal areas of the liver. Ulcerative lesions were present in the cecum of cat 23.
In the third passage experiment, the majority of kittens developed myeloid leukemia between 6 and 10 weeks after infection. In one kitten erythroleukemia was diagnosed.
Discussion
Myeloproliferative disorders result from the neoplastic transformation of a single pluripotential hematopoietic stem cell which normally gives rise to the cells of the erythroid, granulocytic, monocytic, and megakaryocytic cell lines.*' Sequential studies of mye-loproliferative disorders in man and animals revealed that the manifestation of disease can change from one cell type to another in a particular patient.'O~~~ This observation is one reason why these disorders are considered to originate in stem cells. Results of the present experiment indicate that myeloproliferative disorders can be induced in cats by the GM-1 strain of FeLV.
After infection with the virus, the latency period was very short and within 3 to 5 weeks lesions were already detectable in the bone marrow. Histological and cytological examination revealed evidence of disturbance in cellular maturation, and abnormalities were found in the myeloid, erythroid, and megakaryocytic cell lines. There was a myeloid predominance, except in two cats in which a relative erythroid hyperplasia was found due to the disappearance of the granulocytic cell series. The blast cell count was lower than 30 percent.
The appearance of the marrow at the early stage of the disease was similar to the syndrome called myeloid dysplasia or preleukemia. To substantiate the interpretation of the above-described early changes as preleukemic we intend to investigate the various cell lines for possible functional abnormalities. Significantly, in the present experiments the transition from dysplasia to leukemia was rapid as opposed to naturally occurring disease where the duration of the dysplastic state can vary between a few months and several years. 16, 22 In man, with the exception of rare cases of preleukemia evolving into lymphocytic leukemia, the terminal leukemic process is myeloid, myelomonocytic, or monocytic.6J6 Feline leukemia virus-positive, cytopenic cats are usually euthanized or die from complications such as bacterial infections and hemorrhagic tendency. It has, however, been shown that preleukemic cats receiving long-term supportive therapy will eventually develop myeloid leukemia.l* At the second stage of the disease, the number of myeloblasts rapidly increased and made up 36 to 46 percent of the myeloid population. The high and progressively increasing blast cell counts were indicative of a neoplastic process as opposed to a reactive one. In cases of infections, septicemia, and also in consumptive neutropenia, all of which we had previously observed in FeLV infected-immunosuppressed kittens, bone marrow findings had been different. Usually, an initial fall in the number of mature neutrophils was FeLV-induced Myeloid Leukemia 469 followed by myeloid hyperplasia. Myelocytes and promyelocytes often made up 20 to 25 percent of the white cell population. However, myeloblasts were always uncommon and rarely exceeded 3 to 5 percent.
In addition to the accumulation of blasts, we found that the remaining cells of the marrow did not always show myeloid predominance. In one case monocytoid cells and in another case erythroid cells predominated, implying a multipotential stem cell involvement in the disease process. This interpretation was further supported by the finding of erythroid aplasia in a cat more than a year after infection.
Intense and abnormal hematopoiesis was seen in extramedullary sites (e.g., in the spleen, liver, and lymph nodes). Immature and abnormal cells found in the peripheral blood were presumably released from these sites. Cytopenias were found in all FeLV-AB/GM-1infected cats. White blood cell counts were normal or low, and the incidence of abnormal and immature cells in the circulation increased with the progression of the disease. The use of neonates was made necessary because of the natural resistance of older cats towards FeLV infection. However, neonates often have an undesired short survival time. Therefore, the question of whether or not these animals, given a longer survival time, would have developed a leukemic blood picture with high cell counts remains unanswered.
Our interpretation of blood and marrow findings, which was based on the French-American-British classification of myeloid leukemias, was paralleled by the results of in vitro studies (D. E. Onions, personal communication). Colony assays of early erythroid (BFU-E) and granulocyte-macrophage precursor cells (GM-CFC) in the bone marrow of infected kittens indicated that two stages in the development of the disease could be recognized. In the first stage, a gross expansion of the GM-CFC component, which had altered response to colony stimulating factor (CSF), was seen. This stage was followed by the development of leukemic cells which did not differentiate in response to CSF.
The above findings suggest that there are two stages in the development of FeLV-AB/GM-1 induced leukemia. The early, preleukemic stage is characterized by disturbance of cellular maturation and myeloid predominance. The later stage of the disorder reflects the rapid proliferation of leukemic cell populations which apparently arise from the preleukemic cells.
